Parkinson's disease (PD) is a neurodegenerative disorder mainly characterized by a loss of dopaminergic (DA) neurons in the substantia nigra pars compacta. In recent years, several new genes and environmental factors have been implicated in PD, and their impact on DA neuronal cell death is slowly emerging. However, PD etiology remains unknown, whereas its pathogenesis begins to be clarified as a multifactorial cascade of deleterious factors. Recent epidemiological studies have linked exposure to environmental agents, including pesticides, with an increased risk of developing the disease. As a result, over the last two decades the 'environmental hypothesis' of PD has gained considerable interest. This speculates that agricultural chemicals in the environment, by producing selective dopaminergic cell death, can contribute to the development of the disease. However, a causal role for pesticides in the etiology ofPD has yet to be definitively established. Importantly, most insights into PD pathogenesis came from investigations performed in experimental models of PD, especially those produced by neurotoxins. This review presents data obtained in our laboratories along with current views on the neurotoxic actions induced by the two most popular parkinsonian pesticide neurotoxins, namely paraquat and rotenone. Although confined to these two chemicals, mechanistic studies underlying dopaminergic cell death are of the utmost importance to identify new drug targets for the treatment of PD.
Recent epidemiological and experimental studies have renewed interest in the hypothesis that the environment plays a pivotal role in the pathogenesis of Parkinson's disease (PD). While a small fraction of PD occurrence is related to mutations in genes such as a-synuclein and parkin, over 90% of sporadic PD is likely linked to genetic predisposition and environmental causes (l). In particular, a recent epidemiological survey found that exposure to certain pesticides may increase the risk of PD (2) . Various pesticides and herbicides are intensively used annually worldwide, with rotenone and paraquat being only two of the many agricultural chemicals known to affect the dopamine systems. Interestingly, chronic administration of paraquat or rotenone to rodents in vivo induces many key features of PD, including loss of dopaminergic neurons and motor deficits. Although these models are far from being ideal, they might allow us to learn some aspects of the mechanisms of dopaminergic neuronal death associated with PD, opening up new horizons to therapeutic intervention.
Paraquat
(1, I-dimethyl-4,4'-bipyridinium dichloride) is a quaternary nitrogen herbicide widely used for broadleaf weed control. It is a fast-acting, non-selective compound which destroys tissues of green plants on contact and by translocation with the plant. The strong affinity for adsorption to soil particles and organic matter is one of the major advantages in introducing paraquat as a herbicide because it limits its bioavailability to plants and microorganisms. However, paraquat has been demonstrated to be a highly toxic compound for humans and animals and many cases of acute poisoning and death have been reported over the past few decades. The most frequent routes of exposure to paraquat, either accidentally or intentionally, in human and animals are following ingestion or through direct skin contact. If ingested, paraquat induces a burning sensation of the mouth and throat, followed by gastrointestinal irritation subsequently resulting in abdominal pain, loss of appetite, nausea, vomiting and diarrhea. Direct contact with paraquat solutions may cause skin burns and dermatitis. Eye contact with paraquat can irritate, burn and cause corneal damage and scarring of the eyes. Presence of peripheral burning sensation is associated with high plasma-paraquat concentrations and is strongly predictive of death. Paraquat at a high dose may have an inhibitory effect on cell-mediated and humoral immunity. In particular, paraquat affects the activation and differentiation of the T-Iymphocytes whereas suppression of humoral immunity response may be a side effect of T-cell toxicity. Inhalational exposure to paraquat in confined spaces, such as a greenhouse, is known to be associated with lung damage and pulmonary fibrosis that are the most widespread injuries and the usual causes of death. For these reasons, it is classified as highly toxic based on its inhalation toxicity (EPA toxicity class I), as moderately toxic via the oral route (class II) and as slightly toxic by the dermal route.
For many years, experimental studies using paraquat were focusing on its effects on lung, liver, and kidney, probably because the toxicity induced by this herbicide in these organs is responsible for death after acute exposure. The interest in its potential neurotoxicity began after the observation that paraquat exhibits a striking structural similarity to MPP+, the active metabolite of MPTP a neurotoxin that induces PO-like features in rodents, non-human primates and humans. Ironically, in the 1960s, MPP+ itself had been tested as a herbicide under the commercial name of cyperquat. In keeping with. this, significant damage to the brain was seen in individuals who died from paraquat intoxication (3). Furthermore, epidemiological studies in agricultural communities have suggested an increased risk for PO due to paraquat use, raising the possibility that paraquat could be an environmental parkinsonian toxin. Indeed, paraquat exposure induces movement disorders in some mammalian models (4) .
The other neurotoxicant reviewed in the present manuscript is rotenone, a naturally occurring insecticide extracted from Leguminosa plants, commonly used in small-scale organic food farming. It is also used as an insecticide and to kill fish perceived as pests in lakes and reservoirs. One of the major benefits of rotenone as a pesticide is that it biodegrades in several days, even if spread over extensive agricultural land. Based on its limited environmental use, short half-life, and limited bioavailability, it is unlikely that rotenone exposure has a significant impact on PD. The most common way that rotenone exposure to humans would take place is through ingestion. However, absorption in the stomach and intestines is slow and incomplete, and the liver breaks down the compound effectively. For this, chronic rotenone inhalation or ingestion fails to confer parkinsonian symptoms. This being said, rotenone is a potent dopaminergic neurotoxicant. Highly lipophilic, it easily crosses the BBB, and unlike many other toxic agents bypasses the dopamine transporter (OAT) for cellular entry. Once in the cell, it accumulates in subcellular organelles including the mitochondria (5), where it binds specifically to complex I, disrupting mitochondrial respiration and increasing reactive oxygen species (ROS) production and oxidative stress (6) . For these reasons, rotenone has been used extensively as a classic mitochondrial poison on in vitro and in vivo models.
After a single intravenous injection, rotenone reaches maximal concentration in the eNS within 15 min and halves within 2 hours (5). Its brain distribution parallels local differences in oxidative metabolism. Indeed, rotenone-treated rodents show behavior consistent with PO, including decreased locomotion, flexed posture, and rigidity (7) . Interestingly, continuous infusion of rats with rotenone is accompanied by nigro-striatal dopaminergic loss and cytoplasmic inclusions containing n-synuclein, resembling Lewy bodies found in humans with PD (6-7). However, a recent report questioned whether rotenone-induced model ofPD can be considered reliable, since this pesticide does not enhance MPTP neurotoxicity in mice (8) .
Molecular mechanisms ofparaquat toxicity
The cellular toxicity ofparaquat is essentially due to its redox cycle including a well-known cascade of reactions leading to NADPH consumption and to generation ofROS mainly hydrogen peroxide (H 2 0 ) and hydroxyl radical (HO) with consequent cellular deleterious effects. Indeed, lipid peroxidation has been suggested as a potential mechanism of toxicity during exposure to paraquat in vitro and in vivo (9) . Evidence that overproduction of reactive oxygen species (ROS) has been implicated in the pathophysiology of PD and that ROS are incontestably involved in the mechanisms by which paraquat kills dopaminergic neurons (10-11) seems to confirm the involvement of this herbicide in the neuropathology of PD. Some data had already shown that paraquat in cultured rat brain cortical neurons causes cell death, which correlates well with selective and reversible inhibition of aconitase evoked by generation of superoxide radicals (12) . Interestingly, it was shown that exposure to paraquat can cause the formation of intraneuronal aggregates that were stained by anti-a-synuclein antibodies and thioflavine S (a dye that binds to amyloid fibrils) (13) . However, the same group showed that paraquat-induced nigral degeneration (about 20-30% of neurons were lost) was not accompanied by significant dopamine depletion or behavioral changes (14) . Many observations also indicate that apoptosis contributes to neuronal cell death in parkinsonian patients. In line with this, studies planned for a more thorough understanding ofgene-toxicant interactions found that paraquat acts by regulating apoptosisrelated genes belonging to BCL2 family, tumor necrosis factor (TNF)-receptor and ligand family, the cell death-inducing DFF45-like effector (CIDE) and caspase family (15) . In particular, paraquat triggers apoptosis through the intrinsic cell death pathway which includes Bak-dependent-mitochondrial outer membrane permeabilization, cytochrome c release, caspase-3 and c-Jun-N-terminal kinase (JNK) activation, and ultimately apoptotic cell death (10, 16) .
In the last decade, a suitable animal model of dopaminergic neuronal damage caused by pesticides such as paraquat and rotenone, has been the drosophila melanogaster. In fact, the fly shows parkinsonian symptoms when exposed to environmental neurotoxicants (17) . Of note genedependent factors regulating the homeostasis of DA can be involved in the fly's tolerance to pesticides (14, 18) .
It has to be mentioned that only a few groups have examined the electrophysiological effects of paraquat on individual neurons. In fact, there are data describing reduced AMPA-mediated synaptic events on dopaminergic neurons (19) but, from our point ofview, this cannot be clearly related to cellular damage caused by the drug. In addition, paraquat has been recognized to cause a reduction of excitatory post-synaptic potentials (EPSPs) recorded in the rat spinal cord in vivo (20) . Moreover, to date no studies detailing the eventual ionic changes, especially calcium, caused by paraquat in the dopaminergic cells are available.
Neurotoxic effects induced by paraquat and its prevention by antioxidants
A series of experiments carried out by our group have shown that, irrespective of the brain region where paraquat was stereotaxically injected, it produced powerful behavioral and ECoG excitatory effects followed by neuronal cell death. In particular, intrahippocampal injection of herbicide produced a complex and intense pattern ofbehavioral stimulation characterized by facial stereotyped movements, clonus of the upper extremities, movements of the ears and vibrissae. This symptomatology was accompanied by desynchronization of the electrocorticogram (ECoG) and the appearance of high voltage epileptogenic spikes, followed at 24 hr by neuronal damage in all subsectors of the treated hippocampus and pyriform cortex (21) (22) . Similarly, paraquat microinfusion into an area containing noradrenergic cell bodies (e.g. locus coeruleus) or into some raphe nuclei or into the substantia nigra, where serotonin and dopamine cell bodies are located respectively, produced dose-dependent ECoG high voltage spikes and motor seizures with neuropathological lesions culminating in neuronal death and cell loss (23) .
On the basis of reported observations, we concluded that paraquat neurotoxicity is not specific for the nigro-striatal dopaminergic system, whose degeneration is responsible for most of the clinical parkinsonian symptoms, since potent neurotoxic effects were reported following injection of this herbicide in brain areas such as locus coeruleus or raphe nuclei in which noradrenergic and serotoninergic neurons are located. Following this line, also PD pathology is not restricted to the dopaminergic system, but progressively involves noradrenergic and serotonergic neurons within the locus coeruleus and raphe nuclei (24) .
Simultaneously with the studies described, we led and planned some experiments in order to identify the involvement of free oxygen radicals in the neurotoxic effects induced by paraquat; on the other hand, the lack of selective neurotoxicity observed after intracerebral injection of paraquat (22) could be explained by the ability of this herbicide to promote the formation of toxic-free oxygen radicals and lipid peroxides. After the observation that paraquat and MPP+ microinfused into the substantia nigra could induce dopaminergic cell death (21) and given the high vulnerability of dopaminergic neurons to oxidative stress caused by ROS production, we studied whether behavioral, electrocortical and neurodegenerative effects induced by intracerebral infusion of paraquat into the substantia nigra, could be prevented by prior administration into the same site of different types of superoxide dismutases (i.e. Cu-free SOD and native or inactivated Cu, Zn SOD), an enzyme which converts superoxide anions into hydrogen peroxide. Our experiments confirmed that paraquat (50 ug), infused into substantia nigra pars compacta (SNc) of rat, produced an increase in motor activity, jumping, contralateral circling and epileptogenic high-voltage spikes which culminated 24 hr later in death (21, (25) (26) . On the contrary, pretreatment in rats with Cu-free SOD (0.6 and 6 ug), did not produce behavioral stimulation and ECoG epileptogenic spikes . However, native or inactivated Cu, Zn superoxide dismutase proved to be less effective in comparison to Cu-free superoxide dismutase. In fact, there was a temporary protection which consisted only in increasing latency for the onset of circling and ECoG epileptogenic spikes elicited by paraquat, whereas they were unable to protect from subsequent neurotoxicological insults culminating in cell death (23) . These results led us to hypothesize that a toxic agent, such as a copper species, might mediate the toxicity by paraquat and suggest that the beneficial effects of Cu-free SOD was due to sequestration of even minute amounts of copper ions . Since it was known that paraquat releases transition metal from storage metalloproteins (e.g. from ceruloplasmin, after its A B c • .
Fig. 1. The neuropathological effect ofa single unilateral injection ofparaquat into the rat Substantia nigra is antagonized by peripheral administration ofM40401 . A) Coronary section (40X) ofthe Substantia nigra in vehicle-treated animals. B) Neuronal damage within the Substantia Nigra in paraquat-treated rats (50 fig) and (C) protection by pre-treatment with 10 mg/Kg i.p. ofM40401 (adapt edfrom 27).
reduction by ascorbate), we supposed that after administration of paraquat, a similar process could increase the concentration of copper ions, giving rise to oxidative processes leading to neuronal toxicity. The protection afforded by Cu-free SOD could be due to its ability to complex copper preventing the formation of free radicals induced by metal (23); on the other hand, the very high affinity of Cu-free SOD for copper has already been documented. On these premises, we later demonstrated that pre-treatment of rats with the non-peptidyl superoxide dismutase mimetic M40401 dose-dependently antagonized motor convulsion, ECoG epileptogenic discharges and the mortality of rats receiving paraquat into substantia nigra. M40401 was also able to attenuate histological changes produced by intranigral injection of paraquat ( Fig. 1 ) (27) . Importantly, different to conventional peptidyl enzymes (e.g. SOD) that with difficulty can access brain tissues when given peripherally, the in vivo beneficial effects observed with M40401 were obtained following its peripheral administration. Taken together, our results obtained using several SOD-based compounds, further confirmed that paraquat produces brain damage via abnormal formation of oxygen free radicals.
Molecular mechanisms ofrotenone toxicity
Rotenone is a classical, high affinity inhibitor of complex I of the electron-transport chain. Defects in complex I activity dampen ATP synthesis, induce mitochondria depolarization, and favor calcium dysregulation. They can also lead to excessive production of ROS, giving rise to severe oxidative stress. A combination of all these factors can trigger cell death, as occurring in PD. In fact, dopaminergic neurons have been demonstrated to be particularly vulnerable to complex I inhibitors. This opened up new opportunities for the development of PO models based on the selective inhibition of complex I in the nigro-striatal pathway. Although the rotenone model demonstrates the potential relevance of complex I dysfunction for PO pathogenesis, the mechanisms through which it can produce neurotoxicity still need to be clarified. A growing body of evidence suggests that the toxic effect of rotenone is multifactorial. Accordingly, despite inhibition of complex I and ROS generation, this insecticide is involved in the activation of microglia, oxidative damage of proteins, lipids and DNA, induction of apoptosis and acceleration of u-synuclein aggregation and fibrillation (reviewed by 28). Presumably, the combination of all these factors may underlie the selective degeneration of dopaminergic neurons caused by rotenone.
Neurotoxicity induced by rotenone on dopaminergic cells
Compared to paraquat, more data have been obtained on the electrophysiological effects of rotenone on single neurons (see Table I ). This neurotoxicant has been reported to potentiate NMDA currents in dopaminergic cells, leaving the AMPAinduced responses unaffected (29) . Rotenone also hyperpolarizes and inhibits the electrical activity of acutely dissociated rat SNc neurons; an effect fully prevented by the KATP-channel blockers tolbutamide and glibenclamide (30) .
This toxin applied in a micromolar range interferes with mitochondrial function; therefore, it determines an energetic failure by causing mitochondrial membrane depolarization. By inducing the formation of ROS, the mitochondrial dysfunction contributes to hyperpolarize the plasmalemmal membrane of the dopaminergic cells through the opening of KATP-sensitive channels in mesencephalic slices (31) . Previous data, using perforated patch-clamp recordings (32) (33) , have also reported an inhibition/hyperpolarization of DAergic neurons induced by rotenone. The opening of K A TP channels could be interpreted as an early defensive response of the cells. In fact, the hyperpolarization could spare the metabolic demand (oxygen consumption) sustained by the spontaneous neuronal activity. However, experimental evidence has emerged that K A TP channels promote neuronal degeneration. For example, in Kir6.2 knockout mice, the rotenone-induced DAergic neuronal death was significantly prevented, suggesting that inhibition of K A TP channels rather than activation, may play an important role in neuroprotection (34) .
As summarizedinFig. 2,werecently demonstrated, by using patch-clamp recordings of DAergic cells in an acute rat midbrain slice preparation, that rotenone evoked a tolbutamide-sensitive outward current associated with increases in intracellular [Ca 2 +] and [Na"], This outward current was not affected by a high ATP level (10 mM) in the patch pipette but was decreased by the antioxidant Trolox. The [Ca"] rise was abolished by removing extracellular Ca", and was also attenuated by the antioxidant Trolox and by a transient receptor potential M2 (TRPM2) channel blocker, N-(p-amylcinnamoyl) anthranilic acid. In addition, rotenone depolarized the mitochondria and increased mitochondrial ROS production, which were also abolished by Trolox (35) . Therefore, rotenone by inhibiting complex I produces ROS which directly activate ATP-gated K+ channels and TRPM2-like channels in SNc neurons.
We have also observed that the activation ofK ATP channels caused by rotenone is not sufficient to limit an excessive depolarization of DAergic cells in DJl knockout mice, suggesting that these transgenic animals are more susceptible to mitochondrial damage (complex I inhibition) caused by the toxin. Therefore, the lack of DJ-l would produce impairment in the activity ofthe Na+/K+ pump which certainly favors an irreversible depolarization of the dopamine cells caused by rotenone (36) . In addition, rotenone has been also reported to cause a PKAmediated reduction of delayed rectifier potassium channels in rat midbrain cultured neurons (37) .
In line with the data obtained in SNc neurons, a partial mitochondrial inhibition caused by rotenone determines functional DA denervation via HPz production and K ATP channels opening in the nigro-striatal terminals. Furthermore, rotenone depolarizes striatal spiny neurons by amplifying HPz levels and activating TRP channels (38) . Not only the dopaminergic but also the glutamatergic inputs to striatal cells are reduced by rotenone. Accordingly, as a consequence of energy failure caused by the blockade of complex I function, this drug produces neuronal depolarization and a concentration dependent loss of the excitatory synaptic transmission. This effect is partially rescued via the activation of GABA A receptors by treatment with the antiepileptic drugs carbamazepine and zonisamide and by the D, antagonist sulpiride (39) . Moreover, there are electrophysiological data showing that loss of synaptic transmission caused by an acute treatment with rotenone on striatal slices can be greatly attenuated by adenosine A2A receptor antagonists (40) . However, the mechanisms for the protective effects of these antagonists are not yet clear.
Interestingly, a different electrophysiological response has been observed when rotenone is applied on striatal cholinergic intemeurons. In fact, while medium spiny neurons are mainly depolarized in the presence of rotenone, the large aspiny intemeurons (41) .
Of note, Ginsenoside-Rgl, ginseng, had neuroprotective rotenone toxicity on primary cultured rat nigral neurons. This compound reduced rotenone-induced cell death, mitochondria membrane potential depolarization, cytochrome c release and increased the phosphorylation inhibition of the pro-apoptotic protein Bad through activation of the PI3K1Akt pathway. It appears that the protective effects ofRgl are mediated through glucocorticoid receptor (GR) and activation and the PI3K1Akt pathway (42) .
CONCLUSIONS
This review summarized salient aspects characterizing the two most popular toxic models of PD. It is certainly difficult to interpret the relevance of the above studies to the pathology occurring in humans, because of the difficulty in modeling Intracellular recordings on rat Early membrane hyperpolarization due to activation of striatal cholinergic intemeurons ofKATP-channels followed by membrane depolarization 41 a disease such as PD. However, these models are crucial in examining the many different molecular and biochemical pathways that converge in the final pathological and clinical manifestations of PD.
Many of the studies presented are in favor of a toxic effect of both pesticides on the dopaminergic system and other cells (mainly striatal). On the other hand, there is substantial evidence that these agents are able to induce a more widespread demise in neurons of the central nervous system. By examining the available data, it appears that after pesticides exposure, an enhanced oxidative cascade generates harmful superoxide ions. With regard to substantia nigra dopaminergic neurons, their peculiar energetic characteristics and ionic array make these cells highly vulnerable to the noxious effects of both paraquat and rotenone. This is certainly important not only to understand the pathophysiological steps that determine neurodegeneration after pesticides exposure, but also to comprehend those events that, whenever activated, can cause irreversible alteration of neuronal function and survival. In light of the pathophysiological modifications induced by paraquat and rotenone, we hope that interfering with the negative steps caused by these chemicals on the dopaminergic and/or other neurons would help to contrast the toxic processes occurring in idiopathic PD and neurodegenerative diseases. Thus, if ascertained to be efficacious in cellular and animal models ofneuronal intoxications, procedures that change the redox state and ionic permeability of the dopaminergic neurons might eventually constitute a valid therapeutic approach for PD.
